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INTRODUCTION 
Among th~ ·ipqust,ri.es ·whos-e: a.·r·t received a grea.t 
-· .,.· 
impetus dur+ng the ·l:ast ·two world; wa:rs ··and is· currently· 
. . . ~.. . . 
being acc-elerated 'by t:he cold war is- that. ·.of envionmental. 
. . 
testing. This ~nd.u:stry, w.hose te·chniques ip.V.ol_ve. --~. combina~ 
!--c----~-. . ... ---· 
if 
-~; . 
II • 
- . . r 
. ·ti·on· ·of chemic:al, e-lec-trical,. and. mechanical e.ngineering, 
. 
-
_pe:a·:c·e_.time ind:ust.r.ie·s :r·i:rJq · ·1ts servj_ces o·r .g_reat. ·va'.lu·e. A 
.. 
. go.o.d ex:ampl·e 'tn· t·he: commu111catibns industry is· :the subrnar;ine: 
t.¢),.ephone cable; .i.n ·.addition t.o. res-isting a-l.l .o-orrosive· 
... 
. a.ctio_rts of· the.. ·ot~ea:-n, t-he :c~ble co,nta:iris e.l~ctr.on t.ube:·s 
t:hat· mus·t ·w1.t11_,sta11q: the sho·e·l-t' a·na--·-·v1rirati-c)n-·en-vlrc,nmerft. ·t·h-at: . 
... 
-~ 
:·· .. , .. ex:t:st s .d.µ_r~:ng :the layit1g· .:of the c:a b·l.e •. Ano-the:r i_mport--a;nt: 
· bu.t_, less s,pectacul_ar ex.a.rnple: :1~. tt1.e vibr-at-ion and shock. 
. . 
. 
envi.r.on.me.n.t that. ·E?:lectr.oni:c d.ev:tces: s'ee. d.ur.:1ng hb,rma.1·' .h:andlf·n·g·.: 
,~-rrd :shipping:-.. ·To 1·11u.str.ate ·th:is·,: cons.i·der· .t:he sl·tock,. a __ 
~---.-::-•• -=-.-.-. ,--,-~-----~----~· .. .- • . . • • . . ·-.--.,------:--;----.,.---~-----.- ~- ____ . • . . . •· - ·- ------ - ·---. . . . . 
. trar1s:1·s.·tor- -e·xper1e·nces) upon bein~ d~opped thre,e incpe·s ort -~ 
y:ery hand sur:fa.ce ;. the :s.h.clck p~·1s·e has been .,}alcula.te·ct · an·ci 
·. · ---;.,~-:·-'--'·-. v.erif iea-oy ·exper1tnerit -to be on tfle order of 2., 000 g(5}* •.. 
Such sho.cks can: eas:i1y <;ia:mag;~ ··ctel_ic~te · qev:ic.es and. it 1.s t·he· 
.• . 
. ... 
-- - . ---- ----·--- ......... ----,--,--._, . -- . 
:re.$p:onsib111.ty .of the etiv.11:'onmenta~i -- -t-e-sting. inctusuey --t~¥-urn1s:rr~-=-:= 
·· ph·e. qesign engineers with enough information such t.hat the 
~-···-· -, 
· ~-Sµper-19:r' pu~i:e-r·a .. :Ls:· ap_peta:r·fng in the text corre,spond t.:o, .-th·e. 
·trumbe:-r-e:d· r:e::r·e-r-e.nce-::s· ·in th:e · Bibliogra.phy. 
•··-,·- - ----,-- -·•, ... - . ..,.~,-.... ~.,,.._..,., ... ~ .•.•YW<-V.U..-.-.J,,".,:'-".~;-,,..s .. ,_. ___ , .. , •... -· . 
--·_,.;_ . ., . 
··--·-··- •• •-·~"'••-•·••w••--· ---•·-·•--·~----·-· -~··· • ·•·· ·--·-~ ""··•· "·•·-·- • --••• •-• ,. •· • • ••> -• - ·•-- • -- ' - .,, • - . -• 
- 2 -. . 
·.•·· 
,,. 
I.'._. 
-~ 
-Th.e m<>·s·t c·ommon in·strumentat·ion curr~ntly us·ed '. 
·p,y· t·.rre :eh'\r-1.~.qnmental testing engineer to obtain forc·e 
. ' 
-i. . 
. 
... -qie .. a:sur-emetit=s b'f~ envir~nmen·ts like· the :one.s · ment1one:d ·in. I"•·, 
the.preceding pa~~~raph consist·s or-~n el~ctto~mechanirial . . . 
. 
·t:ran·sduqe;r, .. a su:tt:.ab·le amplifier, and art el:ect.r-on·ic:·: 
~·ecorde:r.. usually the transduc~.r .+: .. $.: :u$:ed ·t_cJ- obta.in ~:n 
Rc.ce:l:e.r:at1·on :measurement w.h·1c··h is ·.t·h~ :m·o:st S'ertsit_1:ve ·of 
t··:rre. :i:;:hr·e:.e parameters of .d'1.;sp·laceme:nt:, ·v:elocity, ·at1d 
., a,cceil-·er~t:_ionJ this .is .. :beca1;r$:e the. ,·acceleration. ·va.riJ~.{3 ,as: 
·the ·:sq_uar·e ·o.f t·h·e :rr·equency .. of tne f .. orced .disp.lacemen·t. 
-E:ven a .. :. s_1:·ng1·e: shock pu.J.s:~· :n~a.rly a:lway-~r- :conta:tns ttdme high ' 
. 
f'requency ·compo.nen-ts: (abov.~. ·2,,0CJO. c:p_s:.·)· and v:e·l.·o·c:Lty .and 
d.t·s.plac.e,rrtent ,ralu:e:S a.re: .. v.ei:ry· sfna_ll; c3.t t.nese freq·µe:n;c,ie.s .. 
·rn pr:a.c-.tic1e\,. t.11:e e·l-e·ct·r:C)--m.ec:h_a:n·;Lcal :tran:·s·duce.-r., 
:hJ~,re_:_after: .o-~t'lle,d an: ac·celeromet~J;~, i.s. e!ither .f~stened· to 
tJ1e de·v'i:c·e ut1.diir ·t·E=:~t :or rnay ac·-tua_l.1y simulate the. ·a.~·vi:.c·e 
as -.c-lose:.t:i :_a:s };JO·.ss:.i.bl.eJ· r·or .inst.a.nee,: the .active e-,lerne·n·t. 
·ma·y be m·o·unte.:d in ·a .dummy: d·evi.c-e wh-ich i.s· then niorti-tor·ed 
qu_r:ing_ :the· .te=s.t .. e.n:v.t+,·o,n:menit... Th:us t)J.e fo~11o·wing prop.~rt.1es. , 
are f:uncta.menta1 t,o the accele'rorneter 's operation: (l3) 
(a.} :Th~ :s:Lgnal prod\rceq :must be ·p·ropor·tiona_l ·to the-
····-···-······--··-·-~ -· .. ·-··-·····----··---~ ..... __ ,.,, .. ' ...... .-·,_,,, .. .- . 
{:b.) ·rts calibrati.on. must b.e s·t.abl:e· ·9-t1d unaff.e:c·t·ed .. o:y· .. 
-h-um10.·1t_y a'.:i1d/or t.e.mp·e-:r-at.t.:ir·e: chapge·~ e:ncounter.e:d. 
(tt} :rt:s .-P:'.rop:ort1ona·1 .limi'.t. ·mu{rt l)e greater -.tna-r1 t·he .- •:' 
,f"• 
. •. 
. Jp_ 
- 3 - .,, 
.··(.d): rt s: · wei.g'lit. :rr;iust b.e $.1.ir:i~_1c1·~nt·ly .low· :s.o. thiit the 
. . 
.. .-dldsturban;c.e patte-rns of t·he·· .d·e·vfG~- under test , 
a·re not· modified by attach·1ng_ the acce-leromet·er. 
.,. !ts: se-n·s1t1v1ty must .be .. s.uffieieritly high to :coitet~-
:t·he ac.c-el.erat1on mag·n:f·t·ud~.~ ··enco:u:ot:.·~:re{t •. 
Cf) !.t:s: u.s ... ef:ul ··rrequenc,y :SJ?ec:t_r:·uln-tnu-·st b:~· p.r.9,~:<l -~·1;19:.µgb: 
.. 
t:c) .r·e:cord. a:'1.1 sigr1ific·arrt f:reque·.n-o.ie:S~·: 
•, ...... -
.,· 
··· T·he q.c:c·el~.E=rom.et·~r .p·e:rfor.ms t:h.e ··:ba·s-ic f:ttnct·t.ort of 
-'GO-nve:r.t·ing· .a .. nte.c·h:a:n-i·c,a.1 ... ihpu.t: ·irtt·o ;a. p·r,o·p.ortiorra) .. el·eetri·c-a:l 
ou:tput:.. ·Mo-~,t- acc·elerom·e:ters opera·t.e, :on the· .basis of energy 
.·. t:r.ansductioh principle:s s11ch asJ the p.iezoel.e.ct:ri·c eleme.nt, 
~-~--~-·  -'-.-~~·-,-~---~-----c-t-"he. ... _re.si.st.a:nc e s tra· 1·n gq.g·e, ·th·e d.ir·rer·ent ia:l t-r·ans f'o.rrne:r, .· . " ,... 
. 
. 
. : ,. 
·the -vari·clbl.e: ~re1u:ct:anc~, ·t:he· varia .. ble ca.pa·cit·a-nc.e, tn·e -
J?.o·.t·:e:nt.··i.c:Ymet:er-., an·d the :mo:vc:ing c.oil. •. .·No one c··1as:s ·c:a.n. b:e 
:q..Jl: .facrtors such as s .. i.2i':e·., r·es.onant frequency, 1.1:near-1·t.y, et·c .• :, 
nrµS··t °Qe C.on..si·q~red-. ·rr·a.ole·~-l .Sh.ow-:s. typical .dhar:aC:·te.risti:·QS 
. . {4·} :o·t .the: acc.e:l.eromet.-er types: rrr.entioned above. _: 
Th.e communication·s industry has b-een. mo.st _intEfr.~.:sted 
I 
~·. 
In ·c;1c9eler·orrie-tei types th.at .s1·mula_t_e __ Erither:--vac~uum t-ub-e--or-.--.--·---c'------- --
--- --- _, , -- ~;·_. - -- ·---.--··--·-· - t:i:2:a:ris:tsto·r:s. · Therefore-, tw·o ·typ·e s, t_h~ piE:?~qe 1~Q.t;r.:1G __ -,an.ct., .. , _____ .................... ·- _ . 
. . .. ...•. . ' ' . ., . .. .,. ' .. . -
I 
I 
l 
I 
: 
! 
t---
_ .... .s.t-·:c·.a m ___ gage,-:--Jiav~--b~n,~--~ggd----~~x~t-ens.i-v-e--l.y-.--···--··--T:-hl--s----··1-B··--b ~ ca-u·B-e:-·-·-e:-f---··-···----~-.,.-----···---·-·----·····-···--
-·-·~--=-.:..::.:·--.. --------··--·. -- - . , 
a varietY of Pe8.$0rts;. ·the most important of Which are. si.Z•~j 
··re.so.nar1t :fr:e·que·pcy·,. ·f1nd· .·f?-~ns:_1.t:Lvi.ty .. 
;; 
. . . ·, 
• i '• ·' ... :_ •. · ." ''. ·• ·.' '.. • ,· • ·- • -. • • , • • . ·. • ' ' ' ' ' ." ' ",· -: : - '.- .•• '·. '. _·- ' ' ' ·' • 
. . : .... :·--·-···-·""""""'";;.,,,.,,"-,=,-,l.~/,f~~~~~,;~.,..-,,,._._,,.:.,,.,,,,r,,;. I .. 
-· :4. :·.;.. 
;, : .. 
t1at·ura·1 qµ~~tz crystal· whicn .feature~d a :high. frequency 
rar1ge_ and good mechani-cal_ st:r~·:rigtn~ ·rt·s main disa:dvan--
1. 
,; . 
.. c··al.:fbr:at·.io:n,. ~ind tn~ fac·t t:ri-a.t. it :1s difficult t:c5 ·w.ork _ 
. ::tn.t:O th-e· :d-e,_s·1r.ed: physical sh,a:p·es· •. ·Tne- -~.~c·onci typ.~- or: 
acc~lerom~ter was also piezoele~tPid but used, Ro~heiie 
:salt as t·he active element.. Roch:el.le .sa.·lt:, which i.~- ·_a: 
single cryst.~J., _is mo.re -$~·n:·s;L."ti.v-e· t.h,in, ·quartz. but. i_s. 
otherwise it~·tiy, s i:tn:11:ar·. 
·Ne-xt in .. de-v\elopnien.t ·wa·s- ·t·he .s:"'p.ra~n. ·g··a._ge ... a)c·ce·J.~ 
,, 
.erome·t-e.r· -·wh:irJ-h uti.ll:z.~..-d- un:bo.nded s.-t·-rain g·ag:e.s.=. · Thi·s: ha..d 
.? 
How:ever·.-. 
.. . . . . . J. 
.. 
;T.ab_·1_e -l _r~:\f:~a-J.~- a: t:aJ.rly low s-er1s·itivit_y ·:and fre·q·µ_·e,ncy· 
n:e.-<fes$a·ry.· :Lar-ge- ·siz.e dis.courag·ect more wide~pread use .• 
.,1· . 
,Arter th_e · $.tra.in. :gage ac·celer·omet,er, :pie:z.oe:lect:ric 
__ -··--···---· ....... ·--·--····-~- ..... :~''-"···--"~c ... -C ... -"'"·------ .Q_§._I?._§. mi C __ s. ___ b e O· a IDR ____ p Op u 1:ar __ and __ . -a:I3 e __ _Ct1r r·e n t _ ly the_ .. ffi_Q_S t .. _. W.i.d.ely _____ -"·-···--------···-·-·-····-----·-··· . 
. . . - . . .. ::---~-·· -- u s ea ·t ~,-p·e·--·-·1n· · -p-rti c5.y·-r·c:a-r1·y ·--~iI .1--·e·n v f r-o"rim.e-rit·a··1--c-·,·t-e-st-£ng-~~--· .--~---·r.ra ~fi~I·e·---i------·---~-,--~------·-·····------··t 
' 
s_h-.o~··s w_-1).y ;. __ 1-.:µ. ··---~-~9 ~--~.:f .... PB ............ ~- 9 _____ _ .a:.~ ........ ~!.~!?.-~.E..~ .1.'1-.~---~~---·-··h_:i_g;ti. .............. ~ .• -.~_;9_~:.:!-_t:.! .. Y!.t.1.:,_---~------->··"---·'·"··'·'-'-··----··········-·······--·-·-
--- th·e ·· ,cryt?tals can ·be desi.gned so a .. s to· have sufficiently ·hig-h 
- --- -- . ' . ·- '" .. ,.. . ... ,._ ,·, ., ..... -... - ·-·--· -· --~·- ..... ·-·' -.. -.. _._-.. _ ---- .. - .•• 
·-·--···-···-····"-·'··~,~-=-~-- .•. · ... ··:·_·~-re-~soniint""~""'r"r'e"q·u·~n6.:fe s···s\lch .: that the---us eful ·freq uen.cy range 
-~~·-.·--· ~-
. 
·/' 
. o_f .. t-he .devi·c:e W:il.l CiO·ver· a.t-·· least t-he audio s·pec:t.rum. 
_1'1. 
l 
$, • ·, ·, .. 
- --~---•-----·-- ---·-----·- ~-
..... 5 .... 
- . --- -------- - . . -- - . . /'" 
• .. 
•• 
' - . 
. -
Figure 1 · .show·s ·t·h·e ·co.nstruction o·r: .a. ·s·.:frnpi~ ¢ornpre:s'ts:1on. . 
. .. 
typ? accele~ometer. (_1.3) ·. When stress.·1s either ·intro-
. duced ctr varied ih ~t.he active· e·.1ernent:, ·a·: ·volta.ge .is 
.. q'.e:velo.ped: ac:ro·s:s it ·wh.i·ch is pr·o.p·o"r1 tfottai to the induc-ed- -
s:tres.ses. · Tpe: ·a_palys:j;s: a.nd. ··d·.1.sc:uss:ion of t.his: ·t·.ype of 
·a·cce·1e·ro·me·t.e.r arte c·t)nt.ait-ied, :Ln: .J.\p_p_~ndi~· ::r'~ Tl1e m~in :_a1.s~ 
.ad.vant·ag·es or the' p:i·ezoe·rect._ric cerartrics· are· r·1rs:t, th;~y 
haye art inhereh.-tly·, se¢ond,: tne cer·am.ics. lose the1·:r 
p;iezo·e.lectric quality· .w1t·h age~ T.h_e cerarn.:ies· c.an. .. b·e rno.l.d.e._d: 
to any partic .. ul.ar sh?p:·e s·o .that, f-abrica.t1o·n, .i·s no··t a 
,· I.-
OB,JEC~T'I\tE 
· ..... · .• .. _•. . .. · ·_· ... ,·' 
:Tl}e. ob:j·~:ct of: this ·pi:1per· is· t/o 'Pr-e~-~·nt an q_ppl:i~ 
tra/t:tori .o:f th:e t:heo.ry -o.-f pie·.z·oresis-t:·:tve: ~1:ccteler·ome.t_ers., anq: 
to d.es.crlbe .thre·e experiqien-t.a.l mode:1.s th·at tit:Llize. :p-·type 
s·il·icon: as: th·.e tr:artsd·uce-r ,e.1:ement .. - . . . . . . . . . . . . . . . . . . . . . . 
\ 
. . 
··tion o:f· t'h·e ·tJ1r·ee' eqc-pe.ri.men·t:al -~rcc.e.1:.e:ro·m"E~;ters: un_q.:er sne.ok 
.and vibr.a·t:i.on -env:i.r-01~1m~nts,,, .. w;L.l-l be given as· we11 a·s .. a: · , 
l 
J 
! 
., 
'j 
i 
:'i 
·/ 
·r 
·j i --------·--····-----------~c.,--:-··-----:--··,-:··--.-,-c:··--_ :a·rru:e·]:-er·arrret.~·:r·-_;;--,·--·--··~·--·-·----,-,--·---···,--··-:--=-----··-----,::----.-·-···--.-·,·----.. ---~--·,·-=-:--·---:--··-·---··---,.·-.----=---··,-···-:-:·---,,,.,..-.,..--:--::··--,----,...,---;-"7C~-~-----·--.. c·-.,-------··,-:--c--.. -··-·-_-,-··--. ~----.-r·----- -----
1 t. 
. ;} y 
s~ i THEORY 
-·---- --·- -·- - i 
+h•~•-·-,-•--·-.----•mm~-·--·-----·-:·:-•-•.• ·' ...... •-·-.-•~. ·-,- .. · . .-·-•,•1 .-.... - •' ; ,.-· • -,· . • ..... ., • • ,-. '' • "'' ou• • -- • • • .··• .. ,·· ·.'"''°'"". -. ·--.... -• ·_.,..,· •"' .,.,_:- •.· - ~;'~·., ..... - - ,, .... ,·:-"' _"_ :H•.•.·-~· '_,-.._, • --n•-.-,,,,, •••,,_,'.a·a•·-•.' •· ·. • -~· • ' -~ '• •• ,, •_,/-..,~.;...- C ,~....;._..._..,,___:..:..,;._.:.:!:,_..........-..:...:-_.,.,.-;_. __ .;::_,__._.:..:..._,_..~-
,,,---· ·-· '• 1 
' ,f 
; 
~ . In. t-he effort to find a tnor~ perfect acce_lero.meter· 
' 
--- -+-
' j 
/ 
" 
-·-~=·------··--.-"·· mater1a1;=· :p:t~·zo~~~rsn-ve=·yrnrte=r·1a=rs- su·cl1 a-s-· ger01a,nfum,. si.1.1.con, 
V 
-and 1nd.1um.-antimon1de were _suggest.e.d: b_ec.ause :·o·f ·th:eir very 
- -lapge _gag~. :fao--t--er:s:.. r·r we: c-.ons·1ct.,er a she·ar stre:ss W:h-ich: 
. --·-----·· -· --- -~--~ 
" 
6·. ·-- ~-
w1t1 produce art e1eqtrlc :field. at r{gbt :angles to the · 
. direct:lon o.f current flow; than tpe reststtvi ty which 
r~.~~--------' 
:chan-ges with _chang-1.h-g stress is the -7?~t1o of an electr·ic 
J':1.eld component to a perpend;tcular current density com-
. ponent. The relation:s be,tweep the e:lectric field compo!lents 
.... 
E1, the current density components. i 1 , and the stress 
. . · · -(1·1J , compon.erit:s· c11· .. a-17e express.e.d. o·y· tlte f'ollowing eq\lat19r1~-: · · · ·· • · .. ::_J_ 
·E·-
·:2. 
. -
: ............ · _..., 
P·, ' . 
.(.1 . .'). 
- • .. ' 
(:${) 
;... 
E ~ = 13 T l+w11°33'1'·7fi2 fo?J.1 0"22H + 7r44 { 1 1 °13+t2cr43) (J) 
Where p 1S C[l8 resiS'tiVlty gt AeTO stress, the clX.Ets l, 2, 
and J are the c_rysta1logra:phic a:xes, and n11, rr12, and n44 
ar.e the piezores1stive coerirlcients. · S6tn¢ typical yalues of 
"·\·. 
' 
. . 
tt, ---···-·······----·--·-·-·····-·-··· - · · - ·------·· -,~- ~pt.er~~atTon-: ca1i':11e-~ueveIGPed-~~Le-t-:i:"·n ~b·~~ C>:nglt~dina 1---- f 
i h fo tJ~:· 
·~t 
if pi-:e·.z--qresistive. c-o:~ffic·ien.t depend·ent only upon the direction 
, 
~ ~ ------,- ~. ·- .• ·. -~ 
" 
. ,, ',. 
. . 
• - --• -~J---.... ,.-~ ---• • -· - • ; • ·- ••-• • •- • -·•'· - ,.' ... ,••••-<-"•-•-~-•~----•A•'--•-••"••-••- ., • ••· •· • • 
-~. S.) • 
cr is: 
. -~ 
]f 
T :=.: p·•. +· .-6,p. :L •_. ,. -- . ·., 
' . 
.•·. 
·: ... : 
Eq:.uatio.n (6:) ·the.:re:f·or.'e., is ·true- .ff w .. e .. :ri.eg:l·e.ot: ·th:·e s:rnaill. 
e.:f.f~o:t of ct.1.·.men:s.:Lona 1 ch.g:si~e. s-. 
An.: .. e~p--res .. s·.1:on i·h terrr:i·s.· of t.t.re. t o .. ta·:1 res~.:f.s·t·:ari:e·e· 
:and 'a, :cf1:rne.ns1on.l.~_:s.s :c-oeffic-ient of r·es~s:t:ivity ma.y b.e 
:d-·e.r.-iv:e·d tJ$._1h'g .s .. tandar·d st,rain: g.ag·e: t-erm·in·olagy... J:.r ·we 
:s.ub·s:t·it:µte·; cr .:;:· ES., where_· E _:i.s Young:' s: :rnod0tilus a·nct s: :is: the 
st.rain resulting frorn. a, into Equation,. (6) we bq.ve(ll) 
Z1p -· . s·. 
--~· ·:~ ·tr n. -ES· :;:: M_._n·_.·_• .•. p. .,f;. XI 
w-·her·e 
•· . ·- · ... 
:,( ... ··~()· ..
···1 ;,) 
16·.·_··.)·' 
',\, -·· .. 
• -••, •,• .,-.,-.•,•• 0 ~'"••'•••-,,•-"""'~ •- •- -- • 0 --- - ...... _., 
--·-· -~- - ·--~-~··· -- ...;----··~ ...... - H --··· ___ H, ... ,_.• • ., so-<..•--;••-»-••-~---•,•, 
•••. ·• "~····· •. ,__ -~--- • • '""' • . .,_ ."- • .-·- n. • ,,., . , , . :-- --·~-·.: ~------ , ••. v ..... , .- _.=" •·' " __ ···-- .. ·,· ·.·-·----·--·-,. , -~-•-- -·· • 
--- ~r - - ~ -• --· .-~••- ••• ••••- ---~--J •• - --~ - -~••!I• 
1-f w·e .-consider ,t'he· .·s .. tan.d.ard. formula .f.:or the: ·res':t~.st:anc::e o·f .. . .. .-. . . .. . .. - .. · . . . . . - . . . . .. .. 
·, 
---- -- --------~- ------------· 
C9): 
----- . ..,--------
.'-------'a~-·- - ._.,. -- -~----~-- - --~ ---,--· ---:-·-··-;--·-~--... - .--,-.:~--,--·_- .- .. .- . : .. ·. ·. 
."/ 
it& I , 
~.\ it ------·-· 
I:_ 
.tt: i 
11; 
; 
i i 
' I 
,._ 
=== :~pe·cific -re.$1:stanc·_e 
L· .= -.l .. e:ng:th of .. c·onduc·tor 
· .. '·. 
·,. . ,•' l • ~ 
.A --~- ·.cr-oss: sect.-:Lona-1 .Efr1ea .-.,or condtict.o.r .. . -·· . . .. . 
- ' . - . . . . . . . .· .· · .. ··-. ·. . .... 
7 
.Eq:ua.t.ion (:9.). .is to.irall_y· .d-~_ff~·er-.ettt:ta·te·d -.a-s ·f:oliows·: 
dJ"ii: =, .:P-~1-_t ..... +.._,LA.O:P .-- t.pdA 
A.2 
:J~e.P ··t·tt:e.· v:~rlume. :of t:he·. ·c:o.nd.uct:br b.e v ·.-;.... A-L.. :Th·etx, 
, .. 
d:v·· :·· -- A .. d;L i L.· ._·d·.· ·_-_·.·/\ __ ·. __ · 
·. .·.· . -~· ._- . ·:.U·:. ·..:. ~ ii. 
"t)1'a,t- :s_·f;oo:n:d ()rd:er· "be.·rotrrs: c.an. b:$: n-e:g:1.·ec't·e·ct.,-- ;Equa·t·ior1 ·:(1.2):, 
.. . ' 
dV · .... ' A • dt~ (l .- 2 Mj: 
.-(:1::0) 
:(11) 
:(.il2' 
' . 
( ].3) 
----- ---·--·- -. ·-:- ~--- ---- ···;--~-:- ---~-- .... ·-: ..... --... ', ---·~·----
• - ;,,,•••-••' -•. • ' ~:... •. • • - • Oh-- 00 •: ~- --·-· •••-·--•"'"'"_",•" ·---·•-.-• "_,,_ • •_· • .,,"•-• ·,. 0 - :_'. ·-"-·-•-•'- _._ .. _.__, ___ • _______ ..... ___ ,_.~_'_,_·~-.:.~-- ____ _. -·----·--• - • .. ·- --•H - --~- . __ ..: •. ___ ,, - -• •• ---- .' •' ~-· --- 0 .:•, ,.:-:_:: ... : - _.:.:. •.: •- -• __ •:_ -- ~- •H• ~ • • • - • 
(:14) 
- .. ,-, --· - .. - - ···----··-·-·-----:~--~---------- . . 
·~. -- ---·----~ ·,:--~· --.... - -.~------'~ __ , ........ ~,~-..... ~. ~- ... -----,. . .. -· . 
----------_--------·-,-----~~1-g ____ -e-xp:re-;ss:i.oh may·_ :tn. t1u:.1n be. st1b ~rt.·1t.:'i.1t·_e::d: ba;o-~ into-
_______________ _ 
--·:-,:.. - -.·--:-- ·.:___· . ': ' . . . . 
. ' ---
I • ',; 
-. "E 't1at.1·ori:~-· :(::IO'.), 
. q_,···· •' .... ·, . ,, . 
-~------ ··- '----·-·. ---·--··~·•'""···-·-·- ~---··-·-·· .:. __ -·- -
_ _:.._._ .----"'-."•--
;; ··~· -·,:_ ;-'. , __ ,.... . 
. ,, '', ;_ .. \ ... ,. ·~·,.i ~ 
.. -... 
I 
- 9.· -
-t a-.. :n·-.d·- .. · . . . .. 
dR =-·p(ctLj 11 + 2Jl) + t(~P2 
li' we .. divide E:q,uation ·(16) by Eq:uatlon (9) we .. w1;1.1 g:t:f7 ) 
·· d. R·. · · .. . :dL: ( · .. · ·) ··d· : rr 
·:1 +· :211._ .. ·.· ·+ · 1~ :jr -~ · '..L· ... ff' 
dR. · . ·ct··. ~ .. · ,= ·s :.fl ·+ ·2v') + -~ 
fl· . :. p. 
·,,: 
Sti.o.~~titut:::tng: .. E-ctu·:a·t·_:1·on (7) .in- (J~.-8). :r~s=11l.t .. s :in-
-d_:R·: -· .. (_._ ..  .. 1. + :2:_v· + -s: R - Mz) 
-~ 
T.'Q.E?= e·xp:r'es·sl·on .. 6R/JJS. :-is t:h"E~ .. g·a.ge fax:~t··or vtho.s:e: v.ai·µ.e fio,r· · 
orctinq,r:y wire strain gages is "between 2 and 4, (7) To 
. '.· -~ 
.... ev·a~tlate the :f·~:.ot-:e~r f'_o:r s1·11c.-ort or. ge.rm~nium, we. ri.ote 
that O < v < l for all materials while Mt' from Table 2, 
(16) 
. .( 1.7): 
(.¢.O) 
. __ _ ___ : __ : _·,' __ :·::·:_~_: __ -=· _______ : __ :· · .. ,~~-~?,~-~-=>E_!_~~:~--~-~:--.~:~~---~-~~·:·~-~7§_·::-,: __ ·-~-s~=l:?:~-:~,. ·. -tJ1~ ~-,-g-~g~ -.r~-~:t;Q_:r --·.:t:e_·· -· --.:_.··~~-.: . -,:~ .. c,·~-.-~ ~-·~.-~-~ -~-
------=---:._ ___ ··-:--·· .J+a <- t\R/RS < 175 for semiconductor mc9.ter1a1s. (1:L) This 
.· { 
.represents an i·ncreq:Se in· $.ensiti.'vity by ·~- fac.·tor p~tw-eeu 
- - --· ,- ~ I-;-• - -- • - -~- -- -·---~-~- ----· 
~ ..... --~-. .. ~~~~~~-~~~,:.tl'l\if:~• .... ~ ·~ ..... ,__;..,,. .... r, __ .:. __ .•. :: .. 
' I • 
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· .. -· 
EXPERIJ\'IENTAL RESULTS· 
.. . ~ While severa:.1 .a1J'ttro_r-s:, J;lU:Cll ::a··;s· W •.. P •. ·Mas·.ori:, 
.... ~. 
C.ha.rl_e_s .. s. Smith, .L. E.: ·Ho1.·1a·hd-e:r, G., :L. Vi-.ck, 'T. _:J •. J)iese·l, 
J·. ~C}-. ]~r·vtn:., .a.rig -·c. L. Luk.e_· a1nong ... oth·ers have- mea-s:u_r·eq._ 
,. o.:r ·ca)L.culated .. __ the pi:E~zo·r-esist.a11ce· coeff:1c1ent· ,tnd Yo\1ngls 
mod·~-1-us- fo:r- -s'i1:tcon .a·nd ~ge:rrna.n·1.um· cff ·vErriou_s r:e.s·1s·t1:vi·t.ies:_,, 
,, 
t-he• lit'.eratur.e .did not ind-icate. 'that the·· stres.s-s·train . ·. .- . . . ' - . . ·.· . . .. -. . . . . . . . . . . . ' . . . .. 
. . . . 
' . · .. • : 
./ 
r--.e.s~ist_anc.e.· -cbartg.e_: :re:.1a·t1.9nsh·ip:: .hci_:d ·been_ :e_xa.m-ineti. :exp:e::r·-·1-
. •.-
-
men.:t;a.1 .. ly.. -Thie:.ref or.e ,. ·th:e -aut.ho:r ·underto·q:k: :.c om_pr-es·~:.ic>n 
... 
s·111con wa'·s 
. . ,·' .. · .·... . ·.'. 
obo-s·en· be,caus·e it , is .re:.Ia:tiye-ly inse_nisit..i'V:e t:o ·t:·e:mp$r:atpre=· 
·c·hcrnge.s .:in :the ·ranges ih wh·1:c:h. we ~re. wo.rk1n·g. The spec·1~ 
rne.n,s. m_e-asur:e·d o .. l'r'- .x.·· 0:. ·125:'1· x O· .:2.::f50n: l..Qng .q.pcl we.re .go,ld 
. . 
,• 
... 
J)l::a·ted, a.t the- t3pd.s- f.:o·,;r~'- -obttri-c: .coont:ac:t -.. -The n1~t:e·rr~:a-l ifa Ef · -· · 
:P~typ·e_ sili.c.:pJ:1 . .-of var~-.ou_.-s re:s·ist:ivit:f.e··s ·atid -~was dof?e.d w.ith 
c.ilu-rnin:urn-. -T_he · .. co~pre.ss·ion loa_ding --wa:s p.erfor:me ..d. in a 
Ba..1:dwin Ta-:t:~-~E·m~ry u-niversal testing· m~.c,h:Lne, m._od:e·1· p:rrE. 1·06.,. 
artd t.he cfr·c.uit us.ed t.o·· m~-a.s:ure th.e.· c-ha·.ng_e in_ r.e.si:~:ta·n.Ge 
is: ~h.qw:n in ._Figu!le. 2:-. T.he mater:i-a.,l c1_p_ci eq:u:i·prn:e'_nt was .o .. b·--
-- . .... ,:.c..:, .. :.:.:.,. _____ ,., _; .• ;t~a.:ined .. rr·Dlll tb·e. :B@lL ~:~ph-GB,-€·''"1 :rabo·P;a"t4P--1-~s-, - In,e"f>Pp·or·a·ted·,· -;· ............ . 
. A.IJ>entown,. -PennsylVqhia.. .Al._l tes-t·i.n-g:_ t"Jas do.n.e :a-t an ambient 
te:mp,eratu~·e. -Qf' 9-ppr:·oxim.ately 25: 0 '.C., :Gfa·p]) _:No •. _:1 sno.ws the 
-c.hang~ in re_sistance of th·e specimens with appl._1Eld stress • 
--- - -- ,.... - -
... 
---------·-----·----·--------------··------ .. -
----- --· --·----·· ·---- ------- -·--~·-------- ----
-· 
------~~------ We note that up to approximately 50, OQO p·s1 the. ·:,resistance, 
. . 
i 
. . 
.... 
-.-· 
.. 
·, 
·--·~··,··- .. 
• • . • 
·---· - -· ••<•·- . - ---- .•.. --~.,- ••·"'-·-· ,_ --- ·- ·-· .. -.· .. ·--·--·~··----.-·--
--- - . 
·"' 
... 
. 
change can be :c:!,dns!·dered .. l.in.ea·r. ,· 
. . .. . . 
. 
:.rr'n __ e.: .r-~s:ult· _, :o·r :compression 
-
. t-esting .a s·pe_c1men· in the· -lo.wer .str·ess· r.·anges ·1s shown· :tn 
·.Graph ·N-o .:. :.2:. :Due. to· t-he .P,art":1.·cJi-l-~r- :na:ture .of: silicon, ·~ '.. 
va!1,ous· att.emp·ts t:.o ··tens·ile ... t-est, th_e same· s1..ze. spec~me·n:s · ~ ·~ 
:rne·t·- ·w,ith fai:lure. Amop.g t.he·.se. at·t·empt·:s, :one· inv.olved-
·al·l:oying ·;t;:he: ,gold plated ··e:nds o.f the :s:11.1·co11 pa·:f· .. t_o: .gc)l.:d 
·p::Ilate.d: }Cov-ar -E3cr.ews:1 ·toQ· a·c-c.ompil.s1J:· th.e ·allo.y:tn·g,, ·tn.e ±<;ov-a·r 
. s::t·rlp_ .. h~:·a,t~r in:.- a nit::vog~n :?1tmo-~ph.e.re. ~- 'I)"nfqrtuna.te:ly·, t·he . . . ~ . . 
f 
" . the_J?trta:1.· s .. tres.s:e_s P.r·oct.uced by ·the high:.~y lo·calizecl h·e.a:t. 
,qompl:etEtly s·hattf?red the sil.icon irp.meq.1ate·1y -abo·ve th:e· alloy 
borrci. A_t_tempts: ·t·o, bond: 1:.n· a. furna.ce .met w.1tt.t -:fa.:i.1-u::i:,;e ·duEf 
. . to _p.oor ·a4m_OH·phere (ox:1di.zin$'); COlTtro,l. :s:u.c.c .. ess was: ,fi:rtal.ly· 
·a.c_J:11.-~ved by bonding o. :02;3:.11 sq11ar-·e: x. O:. _250.·" l.ong: s1i.±:9or1 
:ba·r)s to: -o:... 50" square· ·a.·1 urrr:lJiU·rn.. ·bq1r·$·, t.he·n . t enstle t e.st·1n&t · 
th·e ·a·.1:.urnirtutn b:ar:3s •. The bon·d w~s -~tchieved :t.hroµgh t.h~ use: 
.o:t·. ·Ea-s.:'t:ma-n :91.0·,. .. a :hi.g}:).ly :r·eccs.mmen-cfed strain ga_ge a:dh-es:tye·. 
;":·· 
··.· ·To: ·c·a1culat·e: t.n,e :$tress in tih.e·· s-ilicon, th:e fo.ll'·ow·ing ... d.erl.-.. 
vat.ion. w·as ·used_: 
H•••' •••••••~"""=••--:.. 
-.o-• "',"'" :-
•· 
. · .. ·:· . ---·---- .·. ' __ . -· 
-~-Wfter:e-~t,he .·r+'<r:t~·o11. ~i.s atr: pre-vrous·1y--n:ot .. e·a.~ ·· ~T-hen., ·· 11sirjg the 
.. 
v.a.:-1-ileS;:J·· E_A···_ .. _n·_ = Ti :X 106 i d 2 705 1·07 1 (f 'k p:S·:- a·n E·Si = .•... x:. ·:_· .. p_s·:_ :_.·J?Orri 
~a.b.1:,e ·2-)., -w.e li.a.ve : 
,.. 
- - . ·.· .. .,.'-,...:..~~-···,--·- ·--·:-;-· :·· 
.. . '.-.: 
as1 = 2 .46 aA1, . 
') l_. ' .•.• 
L• :- .• :.:·Th,e re··stilts: ¢.f ten.s.1.1:e: ·t·.e:st-ing· a s·p·ec¢1rp.~IJ; o.n th-e Bald~rirt 
J:· 
:Tat:e-Eme::r~y is :s·h·own on: :.C}r_Elpn N.o ..• :·3. ,Th.e.: n:ext·' two gr·aptis-
:(4- and :5)- re:p-:t?:es-.e.nt·: -t_:en-s\i.l-e1 t:e·Ert-s rriad·e o.ri an ·rn.st·r-oh 
,, 
tJnive·rsal T'esting: ·Mac·hine :whi<}h. r.~c.orded. ·t·h~ $tress.~st-:r.-ai:ri 
cb.ange is pr=:oport1ortal to- the-· ap.plied __ st\r._es-s. 
. . 
.. o.f f-ailure-; t·:tre.-r~-f.01?:el ·the E·asit-man. :9_10· ~-c1:nesiv:e: rnu·s.t. s·tar:t 
.,, 
b_clr. 
-~-
·re.s-u:·ltt,' le.a. to __ the c·o·nc{lu_s·1on t'ha·t. boridi_p.g: a_ :la.rg:e, ·sflic:orr 
.s:.p·e.·ctm~.n .on_ :a. :suit:a·b·.le _mou:p:t.1:og, then bon.di:rig: :a :s~·i.-s!.:!-:tc· rna.'S,S' 
on t.h·e- ·G_p_e·,,o'-:Lmen ·w:o.u.1-d :b·e ~:xtr.-e:me.Iy· di.ffic·ult wit-h pr·esent-
:techn.·1.que·,s ~ ="1?h·er·efore:,. ·th.r·e.e a·e·s1grt-s wer:~ ,evq:1 ved tha·t 
err·e-c:-t;i.ve-ly sictes:t.ep·pe,d at.- 1.ea-·st the mo.s:t uridesira:·b:le 
:f_eature.s o:f ~-utf=ct:1-c bonding. ·The _firs·t :de~:ign is· sh:c:>wn 1.n 
.. ·/·. 
w:'i·.th: s.i1i.c:on ... b··a.rs sub.::s.t.ituted for the strain gag~-s. Pho.to~-
. --- -- -~~ " - -- .... --- ----- . ~-- -- .. - --. -----
/ 
graph No .. 1: .. ~.·l:i9WJ3 tn:e output of this .accele·ron:iet_er: wh,ile-
·- •••• • 
- • • 
- > 
., • .,. 
" 
• 
• 
·---"----'-~"·: ------·-· -rre±rrg vlbrat·ed ~tnu,s_.oida.lly~at. 60 cycles vittf1g:n aoce.ieJ1a·-··· 
tion of _2:_0·g:.. :T.he :cir=cuit used t9 ·moni:t .. o:r~-c :th·e:-- q_u.t:p-u.t--.. ·-1s 
;i.·, .. 
" 
.. , .... -·····-----
.· 
.. · .. ; ' ·, ·, :; :·, 
. i,,·t-· 
••• ·---, •• , •• ,-... ,· •••• ~ •• , • .,...._._ ..... ,. ___ .__ ....... ~-·-· ·~--~·-- • .,... 0,¥ 
--~ ,,.,, ......... ,. -· .~--~·--- ·.·•-, ·-·--~ ••• ,~·-· •• 
. ~-
- :13 -
. ·., 
., 
s·h.own in ,F~:g_:ure· -4. D.ue···,··t.o .a. fatigue failu.re o.r tne ·the.rrno-: 
" . 
.. 
. co.r:np·ressiort ·b:onq Q.:f :a ·gf>.ld lead wire o.nt.:o .. a s:t·1.:toon _ba-.r,: 
a.do..itiona..·1 _:sh.o:ck: te.·st·i_n.g w:as h;ot performed on this: acc-e.-l~r:o--.~ . "' ' :' J· , ' . '. •. 
• . • 
.. 
,. 
• • 
• l ' ' -
·me-ter. ·T,h:e di·s·ttfrti.9.n_-,•on ... the wave· .shape ~:s due to e."lec.-
·tr.1.c·-al in~~:rfer·en_c·e. f'r:om >bJL.ow:e:·r mot.ors located: nea··:r.·: th·e 
'.The s·ec.-c)rtd ·q.e··s·::tgp is ·show"r1 .1n F1:gu:r:e. 4.. B.ori:qipg 
tfi-t~·r1-e:1:1It·f..·e;3 ·w·ere avo.id·.ed. by- pu·tting .. t·h,e .sj.l·i.c:on. ·.cylinder 
:G:ra·.pn No. 1., ·.indi.o·a·t~d- a .p·r.e-st.r·e.ssi·ng t.o 25, ()0:o ps·i wh·:l-Cih.: 
:w:_ou1d g·ive. :a .. ttsefu1 rapge .from· 10.0 'to ioo: .. ,_.ooo·g. un-fortun9-y·~·1y., 
ma·nt1fa·ct.ure of silicon. ·c_yli:nd·e-:r:a.s wtt-h par-all.el e11:d .. s. p_roved 
.", 
• i,., 
-:~igur·e 5: :sh:ow·s ·th.e. th·:rr.d- ·a.t:1d most -s:1tcc:e.$S:f\Jl 
d·e·-'s::.t~n.. It: :ut .. 11 izeq. siJ.ic!'or1 bar:s s·imi.1.ar ·t,o· ·those th:Ei.t :fua.d 
Ag:-a:tn···. a's 
. , 
· .... 
in tt1·e sec:ond d,e:$-·:l.g_rt_,: t·he tfili·con was. p:re-s:t:r.te_s:se·d: in com.-
_:p-:rE;:~sior1:: to ;a. v_E.i.~L.u;~ of_ .. 2:5·,._.0(2.0 .psi-., -- ----F1·e~t-ui1:e··· ·N·o·lt ·· 2 ~compares 
---~·-:,· .... :,. ... ,-.. ,:::y:h-@ · O¥l~t-I,}'flt · ·-<}f····:·t.:li :i·fl·'.·.-ae"e-el:~rotrre't·e .. r· -.\iii th: ··~t·h·at .. 0}1 . a'· ,,.C o·mmer Ci a 1 
' .. 
··· !2i~_~9e~i~e·c'.f:;v:i_c cet·a:ml.c ·typ.a~- . -Further shock ·testir1g 0-r·-··-this --·-- '·:· -.. ;-·.:· ~ .. -:---·-·-::~ .. ··-:-----: "' .--::·-·:· . ~--:----. . . 
ac·cele.rorheter gave· .t.he results shown in Pi_~:t~~~--2 and !±.------~·' --~·-··-•. ·'· •• --:-:..: . =.'-'-····.· --'--' .-· -· ;_..,• . - ... ------~ 
--
. - ' .. --- ' ··, --·-
The ·b·ottom pic·tures rec·or·a:--··the·_---output ____ o_f. a·· c_ommercial ac.cel-
e:rometer; the t-o.p pictures. show the same ~hock as measure·.d 
by our ·expe._r .. i111enta.1 accel.er·omet·er,. The same c·ircuit as us·ed -·-. . . . - . . . 
. 
. 
. . •.,·· 
• '• ....~ '. •:' ... ,J 
. . ' ...... 
.,.._,,,. 0 ....... ,._. ... • 
-·-~··-· --J..:.-.. ,.; ·-·- --• C • ' < --
-- :14 --
. ~-
J., •-:-. 
I , .. 
t DISCUSSION OF RESULTS 
I' It ·1s interesting to .no.te :t:_h.-e .c·i_os¢_ ·correlat_i-on-
bJ~tw-e·e-n .the tlteoretical and exp¢~1nlen:ta-l ·re·sults in the 
¢.<)tnpre-$sfon :{·,lnd, te:n$i1e.). t;e·stihg .. ·anct t:11~·: -:r1oticeable. 1-ack· .. · 
. 
.. 
.o·f c·:9r:re·1a·t-.ion 1n· t-he :ac.tua,l a.c_-c::el.er:o:me-ter.s·. For exan1ple.: 
:tn- .c·om:press.i-on ·te-st-irtg, by· ust:n_g ·Equation .(20) -, 
~--.. -·---····· --·- - ·.--:·,· .. - - -- - --·-12 dynes'·----_---,--. --_ -------_-----------~~ .- · -¥111 :;::: l. 87 x 10 ··. .•. . 2 · f'rqin Table 2 and tl1:e point o:n 
-- - cm ~ 
·qpa_p_h N:o. l, cr ==· .JO, Q·OO: p:S 1 .. , We ha.ve 
._Ca.lc.ulat·ed 
. . ···:. ·.· .. 
65:. '5·----- X 10_--.--:). 
.. ·, .·· ! . . ,·. 
Calculated· 
Equtrtion No. ·20 
2. 75 X 10-3 
:Measured 
:6Q. 4 X 10-·) ,._ 
.... ·.-
.,. 
· Mea sure·d: 
Iioc·e::ierom·eter· N_o·•:- ... 3 
. --_' ' ' -3 1 .- 489 X 10. 
Qri'e ·p·:Q.f3-~·ib::1e· .re,as-.on- -:ro-r the l&·r:g:e· d_evia·tio.n· O-~·t .. w·e:_e.n t·h:e· 
··t~h-:ec)ret.icaJ.. ~-:pd experi.merrt.a:i. r~s1~l:ts wo1tld ·b·e: t,he .e~istat1ce 
·Of d·aryiping due to th~ 1-ns.u·la:tirtg wa.s-her ,rn_oun._ted on t·h_e top 
.. .. ~.-. * --
- ··-~- ••• _., .. __ ·-·----· w. --~ --~·· - ••• - :. • -· ,.,..,. ~--·· - -
-~ ~ ' •• ~ •• c- - . ·- - - -~ -·-- -··¥• ·--·- ·-·-··-H- - ON·-- . - - --·- - w•-· .,~ ....... -~··-----·-- •.• -· ... ---~ ·-· •W•••·-= --- -·-· w....,._ _ .. _ -- • ------- --- · -----·--·------··-··-.. -·--~---""·'-·'·'·"·"·-·--.... ---~·-a~y--f}ie'···-··s·e:r-s·m16'···-·m-iis-·s·: .. ----- A _sample: ca lcula·t ion for the. values 
• • -·-• -~•H•- • • -•••- -~• ---- ••••·•-·•-•w"'·--• ,--- •••••-·••• ·-· ' 0 ••'" 
..... ·-··· __ ... _ .•. ···--· .. ··-··--------··-------.~":--··:··-··----_--···. :" ... :-- : ·. -,- . :. ':. ·---··-···---------
..... - -·-··-·---:·"' :.c::·-----::·:··:······:··;·:--·····;·- or" '"ffl/R"'in-thi~---para.:g;~ph is ·give~. in App.endix II.: 
:~·-- -- -·- _ .. ____ _...l...___..__~~---'-'-'--'-'~-------- Ac<;@l~r-Offie-i}er---.·No. 3 ·lf? essent:ta.lly·a h1~h :g ct··evice,: .. -- --
·~. 
I 
I 
. II 
. I 
I 
~: 
,., .. .,!2~-a~q.!1:_~a 1 9.1J_~~ -i,n ___ the ra~e~ ...... nf. 1.·o:a.~0-~~0.rC):Q~-. ·--__ - -;B&-1-0w----l{~eg, __ -~~-~=-~------~-----·-- 2ti 
;, 
~ ' --! 
·ffj 
the output i .. s ~;o. small that no.l:se -:be.c-o .. me-s -a. :ae.rious- problem. 
In or3·ct,er- t.o· shift the _rang-e,- :three -~1 t.er.naitlves pre-s_errt 
'~f. 
·-----.,_"" .. '··~·· 4A.. w U$WLd a: •-= wuaa 
.. :.:.:.-.. · .• : •.. :~.1,~ .......... :,.:,..,.,..._. ·--- .-....... -:· .. . · .. __ .. '.-:·..,.-_· .. ·.· ... ·-·-·~· ·. ...t--... ._,.._ .... - ... ·._....,. __ ·. - ···-·----··'·-·.,·, ... ··--···--~--~~-·····- .. •- .. - ..... • . ·-·-. -,,..., ~ - ' 
. u I 
~ .. 
. • . i;· . 
. 
-~ 
-t.he~~:e_lv:es,;_. one, we· .. c-,:i:.n :.:trt·c·.r~ase th~, -re~_,1..~tlvity o.t ·tJ1-:e 
:·p1ez6r.es1-stiv.e·: 'ma_ter-ia;i, tWGy W:e c·ah increase the overall, 
res1S_:tanc:,.e cYf t·_h'.e e.lernent- direc.t:ly _by reproportioning 
·t-n~- :s..er1s.;tng:: ·_e.:lement·, thr,:_e'e:, ·wf; c:an. :1.nc-rea.se the induced. 
:s.tra.in b_y· _ 1n·cr'.e-as-1-ng· t.h·e -seismic ma:ss •. ·rb.~. fi_r_-st a1~t:e:r-~ 
nat_·1ve ha·s a lim·it_ed. applica·t·1.o.n ·bec·atrs,e of th·e ;1.n:c·reas.e.d 
-. . 
•; ' - .· -
.. ·~,--~······--~·-. ···-· ··---." .... -·.,.,.. . 
... -···-·---·"··· - .. : ...... Lt~errip.el:1at~ure·-~depend.enc·y·-:o·r·-··tiemi~oond.u.oto .. r: materia:ls a··t h.'i'gher 
'·..,·. 
•· 
~, r:e·s1.stiv·it·ie,$_. The fi·na·l ·tw-o alte:rnatives ar~. pe,ing used 
t:og_,e:th·er in -.a new- .-9-·-ce:~-~e.v:orn:e:t.er de_:sign. 
· A:CCURAC.Y 
~}J.-~- -c~-1:r::o:u:l t :Sh:ow..n :t:n 'Jtigure 2A wa.s s:11ggest~d ··oy 
:Mr. w-. A •. -s:ch·l·eg-el o:f :e~l,1 -Tel·e:ph_one tabot;·a.torie:s._. Analy:s-1:s: 
·o-f tn±s. :c·i1:.cuit shows -tha.t th·~ ,c:qa_nge· ;t.n the vo·1_ta:-ge -~v: 
:acr-·o,s .. s t-.h~- --t·:ermtnal·s· A-B .divided by tile q,u:r:rent· I :repres·ent'..'S·: 
th:e ch-ang:e in re~:Lsta:_nc·e .of .o·ur· -si:1:±coii s-:p .. e·c:im~n p;ro_v·1cte{l -
that ·t_h_e -c·han,g.e :Lri· r¢,sJs:tanc·e. ha.:-s ·a. ne.:stI:·igib1-e :e.ffect. ·up'on: 
.. 
To. p·r:dve· t.h1...s, we rna_y o ons·1-aer 
\, 
\; 
I I it 
_: · 1 -
V 
0 
.···. 
-RD ·+_· R,s:1 ":.:,',• ,_,..., ........... - . .-.-., ..... ,_,_,,.,. ••••-••~••-•-•U."•-•"''"'"-;·-~. ,-~~·--'"'"''. : • O -·-. "O ....... • 00 •• ~·~ •• ' . 0•••• • •.. : ·.• , ·.::. •, • •• • J• ,O• • .. ~-·- • - • ••.,_s .. _o" -• •·· -•-,• - ._....N .. '•••~~~- • • 
.,:..,:. 
-- --- .. ------ -- .............. ·····--·---- - -- ... -- - .. -··--- ---- ... -- - -----_--- --------- ._._ --~- -... ·:· -----c-·- ·---- - --:·---,--------- --- ·- - -- , .. ---·---· --- ---- -· ----------- ----v· --.""c .. --------- -----· -- ,-- - - ------- -· - ·--- - . __ .... _._ .. _ ....... -----__ (_·_·:_ 2_~-.. :~_ •• _)_ ........... . .... - . ..-. ---=-·--·· '~-.·-· 
. . 0 I =· ---- - - . 
•. :_2 R-D- + R:s·2. 
___ _ _________ ---·-"··----~--~"'""-"'~-, . .:.wher~e: .. -'tl);e _s :u.b-s:~zt1,p'.t.s ·1 and {~r--~Pe fe-ra· -t·Q: th.~ y-.:a_lue-e- e-£~--,-e:_urret-ft--------- -- -
·and .. resis.ta-n·ce :tn·· th:e ,unst.re.s·.sed a·nd. s~b::res:sed"--s~ta-tes .·. ' . . . ' . . .. .. . 
. . .· 
rEfsp·ec:tive .. l~r.i.: RD is ·th-e .dropp.ing ;r:E;rs·1_st:anc-e:·. - ·S-ub·st.1.t·u-ttn-~ 
I 
.· 
,. 
./ 
-··- ···----'-----·- .-·,··-·~·--··· -···""'' u>- ~~-, .... -·- .•.••• , ••• _....,......., __ ., ....... ., •••. ~---~--·----·-··;,.,_, ___ _ 
• 
. ... 
the values shown :l.n F:l.gure 4 for 1/6 and RD and using a 
56j chang& 1n ~e~iatance ~~ the a~roximate maximum change 
/ 
in the $:1.1:1.c .. on r"f~·~istan·ce (f.rorti .C}.rapri. N9. 1) we find th·at"' 
... . 
.6.J~. -= :_o, • OGJ4 l. ma· 
. - - .. - .· ;. -_. 
·.,,1 . 
.. . . 
:· . . ~ . . . . 
Further analysis 4f the e.t'f'ect upon the Change ir:t voltage 
b.y· ne:g_lec:t.in~ .. the change in ~-e.s.is·t.attce of t·he· s:ilicon shows 
\the . f.q·ll·O:Wing: 
·-s:ubst:i'tution qf: .tlJ~ g.·1·v,e;n· ·va·1ue:s :1.n 'Eqµa:t1..9n :86. :s:Jrows, ·t;hat: 
. ' 
P.y.· 11eg·1e.ct·ing· -· ... R .. 8· ... ·1. and R ·. . irr the· :o.e:i:i:onrina't.:o.t, .6V 1.s- .-in er.-ro:r· · · .. · · s.2 
b.y =only o ••. 6:1.'7%·: .• 
:a· .. oc·:.e·l·e·romet··er oti~pµ·t :sh,own •. :i..n Fig:ur'e 2B·., :adding cJ.ll. .qf: 
'the .instr·uqien t t ol·eranc·e ·s :giye s an ac·c ura cy of 7· .• ·0%·. It 
' (2.6) 
-is felt th.a.t: ob.serve:r. ,e..r:ro·r, distortion._ef,feqt~-.-_of pJ),S·:.s.1ba:l:e: 
• ,~_:.: .. • ....... ·- .. __ -····· .•.• • ••. :., •.•.• -•• ·--·-····-· --- ·--<- -~----- __ : _____ ._ ----'·- ·----'-· -----··--·~_, ____ ,, . - -·-·' .• <-.• ::_-___________ ;~-----···': .•• ~- : ... -~-- .... ' •---·-:._ ....... _,_ •• _ •• :. ~ •• c.:o:_. _ __ ,.,-· •• ; ...... .........;·.-=- ~--'~--~~ ........ :..:..o,·_~ ............ --. .._,--~-·-~--,·· ··--"·--·---:- -~"···-·------~..----. . • . 
_ ..... : .. __ l2_Q_9 .. f ..... .-9 ont~tQ.tJ;t.;_,_ ·. 9Il<i ... _1.!lhei~.:ent .. no;lse ... in .... th.e ·: .. sys.t.eorn .. , .. a.ctd ... -up ···t..G- ...... :--·--·.---·· ---.. - -,-
a rnµch. large f1gur:e,.-•. 
G()NCLUS:IoN·s· 
... . .. 
. --- -- - --······ - ·-- .··· - -·-··-·-.--- '.. -·- . -- - ---- ,. -
---- -- ·---~ ---~--- - - - . . . . . 
.. 
.'l 
.. ~ .. ;·: 
~ 
e:l-em..~ntl .a.1-.:s,o ·tha.-t.· the ;. use:f.ul :r·ange. or s_,u·c:·h an .. a.c-:ere:le.romet er 
;· c·a·n· b:e shifted b,y :e:tt·:her: repr_o.po-r-t.ionirig __ tlJ~ ·sen~i.ng eleme_nt 
•.' 
:,;, 
or by varying: the ·sei.stni·c mass. The p1ezores1st1V~ accelero-
' 
:m:e-t·er,_ Des.:i:gn. No:. ·3-., ·co:mp:a·r1ed:. :fa,vorably with the c.o·mmerc.ial 
No adva.n.ta.ge: was· apparent 1nsor·ar a.s· 13i·z·e :w:a .. s 
O:.oncerned when th_e: eJCpe:r1·m.e.ntal piezore"s.iS/t.ive :ac.ce:Ler-orne.ter:s 
wer_e c ompar:ed ·with __ .~ttxe · :late-~t commerc.:L.a.l pi_e·:z\J.ele:c·tr.1c: -type:s<. 
F·ina.lly,. ·1.t b·e:.c·-atne :ap_pare:nt- t:iia·t. s·i,l·icfon., and 
:,_stm±ia·r- m.a:te.-r·1:a1·s_,. :a.r .. e clitJ~iG:t)lt ·to .f=or.:rn :in-to ·v·a·ri·ous shapes. 
For oi;.her :than: :f·lat si_de-d e,:onf-1gu.ra:t:ions w.11.ich:: ca_n :be made 
b_y us·i'ng ·dia:mortd .s.aw·s:, ·sili·c.on mus::t ·b.e forttre.d·· by u.s·lrtg ? 
gt~;.1.n:ct1-ng. or· ul.t.ras.oni.-O c·utt~ng .-opera·tion. ··The-se. ·are b.o·t·h~ 
~-~Pe.nsi v.e: a:n.cl t.im.e con·s-uni-ing. ·Tbere-.fo.rei, ,~Lt :1.-s= d:e.s:.1.;r:a_qbl·e. 
. -
t-h·at t·he des··igh of; .si.::L"i.con. ~-.:J.-~:rri.e.r1·t.·'$. b·e re·.s-t·rict=e.d t .. o. ,t:h.e \:ts:e: 
o.f fla.-t s.ide.d :co.nfigur·at:Lons ... 
...... -. . ... ~ 
.. 
. --·· ... ,,~,. ··~ . .-, ' :·;.o •. , ....... ~ .. ··-··· ., ... _,.. . ... ,-,.- ..... ,, .. ·- :'".'."':. ··-:: ·- . ·.-:· , .... .,.. :·-.. I~' • " - '• • ••:-
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